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Dynamic Changes in the Response of
Cells to Positive Hedgehog Signaling
during Mouse Limb Patterning
that Shh is both sufficient for and necessary to pattern
the distal limb skeletal elements in a concentration-
dependent manner, with digit 5 requiring the highest
level of signaling and digit 1 not likely requiring Shh
signaling. For example, beads soaked in different con-
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centrations of Shh and placed in the anterior limb mes-3 Department of Physiology and Neuroscience
enchyme induce mirror-image duplications in which theNew York University School of Medicine
digit identity produced is concentration dependent (Lo-540 First Avenue
pez-Martinez et al., 1995; Riddle et al., 1993; Yang et al.,New York, New York 10016
1997). In contrast, mice lacking Shh develop a truncated
limb with a single digit (likely digit 1), a single zeugopod
bone (likely the radius), and the humerus (Chiang et al.,Summary
2001; Kraus et al., 2001). While previous studies have
mainly focused on the role of Shh in patterning the skele-In the vertebrate limb, the posteriorly located zone of
tal elements, Shh may also signal to the surroundingpolarizing activity (ZPA) regulates digit identity through
muscles and skin to pattern them along the A-P axis.the morphogen Sonic Hedgehog (Shh). By genetically
Indeed, Shh-soaked beads can alter patterning of themarking Shh-responding cells in mice, we have ad-
muscles associated with the ectopic limb bones thatdressed whether the cumulative influence of positive
are produced (Duprez et al., 1999).Shh signaling over time and space reflects a linear
Two basic mechanisms could account for the appar-gradient of Shh responsiveness and whether Shh could
ent graded activity of Shh. In the first scenario, a linearplay additional roles in limb patterning. Our results
spatial gradient of Shh protein would determine the levelshow that all posterior limb mesenchyme cells, as well
of Shh activity, and thus the fate of cells, based on theiras the ectoderm, respond to Shh from the ZPA and
distance from the source. Indeed, Shh protein forms abecome the bone, muscle, and skin of the posterior
gradient with the highest levels in the cells expressinglimb. Further, the readout of Shh activator function
Shh mRNA (Gritli-Linde et al., 2001; Lewis et al., 2001).integrated over time and space does not display a
Furthermore, in the ventral spinal cord, seven differentstable and linear gradient along the A-P axis, as in a
cell types form at particular distances away from theclassical morphogen view. Finally, by fate mapping
source of Shh (Jessell, 2000), and each cell type can beShh-responding cells in Gli2 and Gli3 mutant limbs,
preferentially induced by a specific concentration of Shhwe demonstrate that a specific level of positive Hh
in vitro (Roelink et al., 1995). A second mechanism thatsignaling is not required to specify digit identities.
could produce graded Shh activity is to vary the length
of time a cell is under the influence of a constant levelIntroduction
of Hh signaling. For example, cells could move away
from the source, or a cell’s ability to respond to HhFundamental to our understanding of organ formation
signaling could be regulated over time. The strength ofis the question of how a tissue is first patterned along
Hh signaling received by a cell would then be a functionthe three axes. The limb has long been used as a model
of the time spent near a source of Hh or the time it issystem to address this question, because a small group
able to respond to Hh signaling. Finally, both mecha-of posterior mesenchyme cells, the zone of polarizing
nisms could come into play such that the readout of Hh
activity (ZPA), patterns the distal skeletal elements along
signaling over time incorporates both the timing and
the anterior-posterior (A-P) axis in a graded manner.
level of Hh signaling and thus is not a linear readout of
The morphogen responsible for ZPA activity is Sonic a protein gradient.
Hedgehog (Shh), which is one of three Hedgehog (Hh) Hh signaling is mediated solely by the zinc finger-
proteins involved in patterning, proliferation, and cell containing transcription factor family ci/Gli (Bai et al.,
fate specification in many mammalian tissues (reviewed 2004; Methot and Basler, 2001). In the absence of Hh,
in Ingham and McMahon [2001]). Although Shh signaling ci is cleaved into a potent repressor in Drosophila. In the
appears to pattern the digits in a graded manner, whether presence of high and low levels of Hh, this processing is
this is achieved through a linear gradient of Shh respon- inhibited, and only high levels of Hh are able to further
siveness has not been directly tested. modify full-length ci into an activator (Aza-Blanc et al.,
During formation of the limb in mouse, Shh is ex- 1997; Methot and Basler, 1999; Ohlmeyer and Kalderon,
pressed from embryonic day 9.75–12 (E9.75–E12) in the 1998). Thus, the response of a cell to a particular concen-
ZPA, and Indian Hedgehog (Ihh) is then expressed at tration of Hh is determined by the relative amounts of ci
E12.5 in the sites of cartilage condensation (Bitgood activator and repressor. During evolution, this bipartite
and McMahon, 1995; Echelard et al., 1993; Iwasaki et function of a single ci protein has been distributed be-
al., 1997; Karp et al., 2000; Platt et al., 1997; St-Jacques tween three mammalian Gli proteins (Gli1, 2, and 3). In
et al., 1999). Numerous gain-of-function and loss-of- the spinal cord of mice, Gli2 functions as the primary
function studies in mouse and chick have demonstrated activator, and Gli3 is the main repressor inhibited by Hh
(reviewed in Ingham and McMahon [2001]; also see Bai
et al. [2004]; Persson et al. [2002]; Wijgerde et al. [2002]).*Correspondence: joyner@saturn.med.nyu.edu
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Gli1 functions as an activator but simply enhances the Results
role of Gli2 (Bai et al., 2002, 2004; Park et al., 2000).
Spatial and Temporal Fate Mapping of CellsMany studies have demonstrated that Gli1, unlike ci
Responding to Positive Hh Signalingor Gli2, is a direct transcriptional target of Hh signaling.
We generated Gli1-CreERT2 mice that express an induc-First, the promoter region of Gli1 contains Gli binding
ible Cre recombinase (CreERT2) from the Gli1 locus tosites that are critical for its expression (Dai et al., 1999).
allow us to mark cells responding to Hh signaling atSecond, ectopic expression of Shh induces Gli1 expres-
particular developmental stages (Figure 1 and see Ex-sion (Marigo et al., 1996; Grindley et al., 1997; Hynes et
perimental Procedures). Both in vitro (Feil et al., 1997)al., 1997; Lee et al., 1997). Third, in the absence of Shh
and in vivo (Indra et al., 1999), tamoxifen (TM) has beenactivity in mice, Gli1 is not expressed in the neural tube
shown to induce the recombinase activity of CreERT2or limb buds (Bai et al., 2002). Taken together, these
more efficiently than CreERT, which we previously usedstudies demonstrate that Hh activity is both necessary
(Guo et al., 2003; Kimmel et al., 2000). Therefore, theand sufficient for Gli1 transcription. Therefore, Gli1 ex-
toxicity seen with administration of TM at high dosespression is a sensitive readout of the transcriptional
can be avoided without compromising the inducibilityactivator functions regulated by Hh signaling.
of Cre activity. Since CreERT2 is expressed only in cellsOur previous studies uncovered the surprising find-
that have received positive Hh signaling, addition of TMings that Gli1 and Gli2 are not required for limb patterning,
defines the time point when Gli1-expressing cells aresince Gli1/ and Gli2/ mutants have five well-pat-
marked, and all their progeny can then be followed withterned digits (Bai et al., 2002; Park et al., 2000). Neverthe-
lacZ using R26R mice (Soriano, 1999) (Figure 1).less, in Gli2/ mutant, forelimb expression of Gli1 is
TM has been shown to induce nuclear translocationgreatly reduced, and in Gli2/; Gli3/ double mutants,
of CreER within 6 hr of treatment and to remain in theall Gli1 expression is lost, showing that Gli2 and Gli3
nucleus for approximately 36 hr in mice (Danielian etare the two activators of Hh signaling in the limb (Bai
al., 1998; Robinson et al., 1991; Zervas et al., 2004).et al., 2004). In contrast, Gli3/ mutant mice have severe
Consistent with this, we found that many cells express-polydactyly reminiscent of ectopic Shh activity (Hui and
ing lacZ could be detected by 20 hr post TM treatment.Joyner, 1993). In addition, the phenotype of Gli3/ mu-
Therefore, we designated the initial population of cells
tants does not become more severe when Shh-positive
responding to positive Hh signaling as those cells that
signaling is removed (Litingtung et al., 2002; te Welscher
express lacZ within20 hr of TM treatment. In this way,
et al., 2002). This is dissimilar to the spinal cord, in
we ensure that the earliest cells showing a response to
which Shh/; Gli3/ double mutants have much worse Hh (Gli1-CreERT2 expressing) are identified. The initial
patterning defects than do Gli3/ mutants alone (Liting- populations of Gli1-CreERT2; R26R marked cells were
tung and Chiang, 2000; Persson et al., 2002). These compared to Gli1 mRNA expression and lacZ activity in
mutant studies have raised the question of whether Gli Gli1-lacZ mice both at the time of TM treatment and at
activators are required for limb patterning. Moreover, is the time of initial analysis, and all were found to be
the sole function of ZPA-derived Shh to regulate the similar (see below). The duration of recombinase activity
processing of Gli3 to create a repressor gradient? was deduced by analyzing E10.5 whole-mount embryos
In order to determine the contribution of Hh transcrip- that were treated with TM on E8.5, approximately 30 hr
tional activator function during limb development, we before Gli1 expression begins in the forelimb bud. Even
identified and followed Hh-responding cells at different though there was extensive labeling within the ventral
stages of embryogenesis, utilizing our inducible genetic neural tube, at most a few cells were found in the fore-
fate-mapping strategy (Guo et al., 2003; Kimmel et al., limb bud at E10.5, showing that TM was not effective
2000) and Gli1 as a readout of Hh-positive signaling. by the time Gli1 expression began in the forelimb bud
First, we show that all posterior limb mesenchyme cells at E9.75 (Figure 2A). This ensures the fine temporal con-
as well as the ectoderm respond to Shh from the ZPA trol of marking Hh-responding cells in our genetic fate-
and become the bone, muscle, and skin of the posterior mapping experiments. Gli1-derived cells that were
limb. Second, we demonstrate that the readout of Shh marked at subsequent stages of limb development re-
activator function integrated over time and space does flected the temporal sequence of Hh-positive signaling
not display a stable and linear gradient along the A-P within the developing limb bud. As expected, TM injec-
axis, as in a classical morphogen view. Although there tion at E9.5 and E10.5 marked cells responding to ZPA-
is a posterior high to anterior low gradient of activator derived Shh-positive signaling (Figures 2B and 2C),
at E10, by E11 there is a dramatic reduction in Shh whereas the injection of TM at E11.5 marked cells in
responsiveness in terms of Gli activators in the most the mesenchymal condensation sites in response to Ihh
posterior cells that express Shh. Thus, a continuous signaling (Figure 2D).
high level of Shh-positive signaling cannot specify digit
5. In addition, while there is extensive anterior expansion Shh in the ZPA Signals to All Limb Tissues
of posterior limb bud cells away from the ZPA, the ante- and Initially Forms a Posterior Gradient
rior limit of Shh-positive signaling remains in digit 2. In order to identify and follow the first cells responding
Thus, cells do not move out of range of Shh. Finally, to positive Shh signaling from the ZPA, TM was given
by fate mapping Shh-responding cells in Gli2 and Gli3 at 9 a.m. or 5 p.m. on E9.5, and Gli1-CreERT2; R26R
mutant limbs, we demonstrate that a specific level of embryos were analyzed over time. TM treatment at 9
positive Hh signaling is not required to specify digit iden- a.m. on E9.5 marked the earliest Shh-responding cells
in a small domain in the posterior forelimb bud at E10.5tities.
Fate of Hh-Responding Cells in Limb
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Figure 1. Strategy for Generation of Gli1-CreERT2 Allele and Fate Mapping
(A) Schematic representation of the targeting strategy. A cDNA encoding CreERT2 was inserted into the 5UTR of the first coding exon of Gli1
locus. 5 and 3 external probes are shown as thick lines. B, BamHI; RI, EcoRI; Xb, XbaI; Xh, XhoI; red ellipses, SV40 polyA fragments; triangles,
loxP sites; black rectangles, exons encoding zinc finger domains.
(B) Southern blot analysis of Gli1-CreERT2 ES cell clones. XhoI- or XbaI-digested genomic DNA fragments were probed with the probes
indicated. wt, wild-type; rec, recombined allele.
(C) Fate-mapping strategy to mark and follow Hh-responding cells. Gli1-CreERT2 is only expressed in Hh-responding cells and removes the
floxed stop cassette from the R26R allele only in the presence of tamoxifen to allow permanent lacZ expression.
(n  5; data not shown). TM treatment at 5 p.m. on E9.5 restricted manner (Figures 3E and 3F, arrows). Further-
more, labeling was detected only near the posteriorresulted in marking of a slightly larger group of cells
making up one-third of the posterior forelimb at E10.5 mesenchymal condensation that will form the ulna, with
no staining in the anterior region that will become the(n  6) (Figure 3A), recapitulating the endogenous Gli1
expression pattern (Figures 3B and 3C and data not radius (Figure 3F).
At E16.5, Gli1-derived cells marked with TM at 5 p.m.shown).
By E12.5, Gli1-derived cells in Gli1-CreERT2; R26R em- on E9.5 remained posteriorly restricted as at E12.5 (n 
10). Analysis of both sagittal (Figures 3G–3J) and trans-bryos treated with TM at 5 p.m. on E9.5 (n 5, in whole-
mount) had expanded significantly anterior to populate verse (Figure 3G) sections showed that the proportion
of Gli1-derived cells was highest in digit 5 in the autopod.all but the digit 1 primordium. Significantly, the marking
was in a graded pattern, with the most extensive labeling Labeling in digits 3 and 4 was reduced compared to
that in digit 5. In contrast, digit 2 contained few Gli1-in the most posterior region (digit 5 primordium), with
little labeling in the digit 2 primordium (Figures 2B and derived cells, and digit 1 contained no Gli1-derived cells
in all the limbs analyzed. In the zeugopod, labeled cells3E). Interestingly, sagittal (n  7) and transverse (n  2)
section analysis showed that Gli1-derived cells were in were found in the ulna but not in the radius (Figure 3H).
Interestingly, Gli1-derived cells were also found in thethe ectoderm, in addition to mesoderm in a posterior-
Cell
508
Figure 2. Temporal Sequence of Hh Responsiveness during Limb Development
Forelimbs of E12.5 Gli1-CreERT2; R26R embryos that were injected with TM at 5 p.m. on E8.5 (A), E9.5 (B), E10.5 (C), and E11.5 (D) show
marked cells during E9 and E10, E10 and E11, E11 and E12, and E12 and E12.5, respectively.
perichondrium, muscles, dermis, and ectoderm in a sim- of the limb bud when TM was given at E10.5 compared
with E9.5 (compare arrowheads in Figures 4D and 3E).ilarly graded and restricted manner in the posterior auto-
pod and zeugopod. More proximally, there were no Gli1- Analysis of Gli1-derived cells in E16.5 Gli1-CreERT2;
R26R embryos (n  7) marked with TM treatment onderived cells from TM treatment on E9.5 in the humerus,
scapula, or surrounding mesenchyme and ectoderm E10.5 showed an overall reduction in the number of Gli1-
derived cells compared to cells marked at E9.5 (Figures(Figures 3I and 3J).
In order to examine whether the labeled cells were 4E–4H compared to Figures 3G–3J). Furthermore, unlike
the distribution of autopod cells marked with E9.5 TM,responding only to Shh and not to another Hh, we ana-
lyzed the fate of Gli1-derived cells marked by TM treat- in which digit 5 displayed the most extensive labeling,
the percentages of labeled cells within the skeletal ele-ment on E9.5 in Shh/ limbs. In E12.5 Shh/; Gli1-
CreERT2; R26R embryos (n  2), Gli1-derived cells were ments of digits 3, 4, and 5 were similar. However, labeling
in digit 2 was lowest, as with TM on E9.5 (Figure 4E). Infound only in the most proximal mesenchyme inside the
body (Figure 3D). Thus, the Gli1-derived cells in the the skin, only the ectoderm around digits 4 and 5 was
labeled. As with E9.5 TM treatment, there was labelingautopod and zeugopod region marked with TM on E9.5
in the wild-type respond only to Shh signaling from the of Gli1-derived cells in the ulna and surrounding peri-
chondrium, muscles, and skin, but not in the radius andZPA. Taken together, the E9.5 fate mapping results dem-
onstrate that a small group of cells in the posterior one- other anterior structures of the zeugopod region (Figure
4F and data not shown).third of the limb at E10.5 respond to positive Shh signal-
ing from the ZPA and then expand and contribute to Interestingly, even though the humerus did not have
more than a few Gli1-derived cells (Figure 4G), the sur-the mesoderm and skin of digits 2–5 in a graded manner
and also expand and contribute to cells in the region of rounding proximal muscles and skin were heavily la-
beled in a posterior restricted manner in embryosthe ulna.
treated with TM at E10.5 (Figure 4H), in contrast to no
labeling with TM at E9.5. This result likely indicates that
The Response to Shh from the ZPA Is Dynamic morphogenetic movements allow muscle precursor cells
and Downregulated in Posterior Cells and ectoderm in the stylopod to be in a position to
To determine whether the same group of cells responds respond to Hh signaling around E11. Taken together,
to positive Shh signaling from the ZPA during later limb our results from marking both early (TM at E9.5) and
development and in a similar graded manner, TM was later (TM at E10.5) populations of Hh-responding cells
given a day later at 9 a.m. or 5 p.m. on E10.5. The in the limb demonstrate that Shh-positive signaling from
initial population of cells marked in Gli1-CreERT2; R26R the ZPA is initially received in a posterior to anterior
embryos comprised 1/2 the limb bud at E11.5 and gradient in the distal limb and then is not received by the
thus was broader than when TM was given on E9.5 ZPA cells themselves. In addition, not only the skeletal
(Figure 4A). This is in agreement with the expanded elements but also the other mesoderm and ectoderm-
endogenous Gli1 expression domain seen at E11.5 com- derived structures such as muscles and skin receive
pared to E10.5 (Figures 4B and 4C). Consistent with the Shh-positive signaling. Furthermore, there is a dynamic
broader Gli1 expression at E11.5 and anterior expansion change in the percentage of cells responding to ZPA
of the Gli1-expressing cells marked with TM on E9.5, Hh signaling along both the A-P and proximal-distal
the anterior limit of labeling with TM treatment at E9.5 (P-D) axes.
or E10.5 was similar. Thus, Shh-responding cells did not
expand outside the range of Shh-positive signaling.
Significantly, the initial population of cells marked by Cumulative Fate Map of Cells Responding
to ZPA-Derived ShhTM treatment on E10.5 (n4) showed markedly reduced
labeling in the most posterior domain (Figure 4C, arrow- In order to continuously mark the cells responding to
Shh-positive signaling from the ZPA, we next adminis-heads). This is consistent with Gli1 expression, which
normally starts to be downregulated after E10.5 in the tered three doses of TM at 5 p.m. on E9.5 and 9 a.m.
and 5 p.m. on E10.5. Whole-mount and section analysismost posterior domain where Shh is expressed. At E12.5
(n  12), whole-mount and section staining clearly at E12.5 (n  6) and E16.5 (n  8) showed extensive
labeling in the bone and surrounding mesenchyme andshowed fewer labeled cells in the most posterior part
Fate of Hh-Responding Cells in Limb
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Figure 3. Cells Responding to Early Shh Signaling from the ZPA Remain Posteriorly Restricted
TM was given at 5 p.m. on E9.5 to mark Hh-responding cells during E10 and E11 in Gli1-CreERT2; R26R embryos. (A) The initial population of
Shh-responding cells analyzed at E10.5 shows a posteriorly restricted domain in the forelimb similar to Gli1 mRNA expression at the time of
TM treatment (B) and initial analysis (C). (D) E12.5 Shh/; Gli1-CreERT2; R26R embryo has no labeling in protruding limb. Whole-mount (E),
sagittal (e), and transverse (F) sections of E12.5 wild-type Gli1-CreERT2; R26R embryos show labeled cells in the primordia of digits 2–5 and
the ulna (u) but not radius (r). Arrows indicate labeled ectoderm cells. (G–J) E16.5 Gli1-CreERT2; R26R embryos forelimb sections in sagittal
(G–I) and transverse (J) orientations. (G and Ja) In the autopod, labeled cells populate the bones, surrounding mesenchyme and skin of digits
2–5. The most extensive labeling is in digit 5 and the least in digit 2. Digit 1 has no labeling. Inset in (G) shows another plane of sections
through digit 2. (H and Jb) In the zeugopod, only the ulna and posterior muscle and skin have labeled cells. (I and Jc) More proximally, the
humerus and surrounding muscle and skin have no labeled cells. (K) Summary schematic of fate map of Shh-responding cells marked during
E10 and E11.
skin of digits 5, 4, and 3 (Figures 5A and 5B). Due to the sively labeled, while the radius had very few labeled cells
(Figure 5C). Other mesoderm- and ectoderm-deriveddecreased Shh responsiveness in the most posterior
region atE11, the extent of cumulative labeling in digit structures showed a posterior restriction in labeling in
the autopod and zeugopod. In the stylopod region, as5 was only slightly greater than in digit 4. Digits 3 and
2 had progressively less labeling, and digit 1 had only expected, the humerus and scapula were not labeled,
but the muscle and skin surrounding the humerus werea few labeled cells. More proximally, the ulna was exten-
Cell
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Figure 4. Additional Cells Respond to Late Shh Signaling from the ZPA
TM was given at 5 p.m. on E10.5 to mark Hh-responding cells during E11 and E12 in Gli1-CreERT2; R26R embryos. Normal Gli1 expression
is analyzed in Gli1-lacZ embryos at the time of TM treatment (A) and at initial analysis (B). Note the reduced Gli1-lacZ expression in the
posterior limb (red arrowheads). (C) The initial population of Shh-responding cells analyzed at E11.5 is similar to Gli1-lacZ expression in (B).
(D) E12.5 forelimbs show labeled cells in digits 2–5. Note a reduction in the digit 5 primordia (red arrowheads). (E–H) Sagittal sections of E16.5
forelimbs show labeled cells in digits 2–5, the ulna, but not in digit 1, the radius and humerus. (H) Proximal muscles surrounding the humerus,
however, are extensively labeled in a posteriorly restricted manner. (I) Summary schematic of Shh-responding cells marked between E11
and E12.
Fate of Hh-Responding Cells in Limb
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Figure 5. Cumulative Fate Mapping of Cells
Responding to ZPA Shh Signaling in Gli Mu-
tant Limbs
TM was given at 5 p.m. on E9.5 and 9 a.m.
and 5 p.m. on E10.5 to mark the cells re-
sponding only to Shh signaling from the ZPA
in wt (A–C), Gli2/ (D–F), and Gli3/ (G–I) em-
bryos. Insets in (A), (D), and (G) show Gli1-
lacZ expression in E10.5 forelimbs of wt,
Gli2/, and Gli3/ embryos. Compared to wt,
Gli1-lacZ expression is markedly reduced in
Gli2/, especially in the posterior region.
Gli1-lacZ expression is more posteriorly re-
stricted in Gli3/ than in wt embryos. (A)
E12.5 forelimb of wt shows labeled cells in
digits 2–5. The arrow indicates the anterior
limit of labeling. (B) Transverse sections of
E16.5 wt forelimbs show labeled cells in digits
2–5 but not in digit 1. (C) Only the ulna (U)
and surrounding muscle and skin are labeled
and not the radius (R) and humerus (H). Poste-
rior muscle and skin surrounding the humerus
are also labeled. (D) E12.5 forelimb of Gli2/
shows greatly reduced labeling, especially in
the digit 5 primordia (red dotted outline), but
the anterior limit of labeled cells is digit 2
(arrow). (E) E16.5 Gli2/ forelimb section
shows labeling in digits 3 and 4. There are a
few labeled cells in digits 2 and 5 but not in
digit 1. (F) Labeled cells are found only in the
ulna but not in the radius and humerus. Note
labeled cells only in the posterior muscle and
dermis but not in the ectoderm. (G) E12.5
Gli3/ forelimb shows labeling in the poste-
rior domain with additional ectopic anterior
labeling. (H) E16.5 Gli3/ forelimb sections
show variable labeling in all digits. (I) Labeled
cells are found only in the ulna as well as in
posterior muscles, dermis, and ectoderm but
not in the radius and humerus. (J) Western
blot analysis of Gli3 shows that Gli3R gradient
along the A-P axis is still maintained in E11.5
Gli2/ forelimb buds as in wild-type.
labeled (Figure 5C and data not shown). Our cumulative Interestingly, the level of reduction in positive Shh activ-
ity does not correlate with the severity of later limblabeling shows that, while the temporal integration of
Shh-positive signaling is highest posterior, it is not in phenotypes, since Gli2/ mutants have a greater reduc-
tion in Shh-positive signaling but only Gli3/ mutantssimple stepwise increments along the A-P axis in the
primordia for digits 2–5 (see Figure 6). have defects in limb patterning.
Next, we determined whether a weak activator func-
tion of Gli3 maintains a normal A-P pattern of Hh-positiveDistribution of Cells Responding to ZPA-Derived
signaling in Gli2/ mutant limbs, since digit patterning isShh-Positive Signaling Is Dramatically Altered
normal. As expected, cumulative fate mapping in E12.5in Gli Mutant Limbs
Gli2/; Gli1-CreERT2; R26R embryos showed a signifi-Since loss of Shh or Gli3 but not Gli2 results in pheno-
cant overall reduction in the number of marked cellstypic consequences on limb patterning, we assessed
throughout the forelimb (n  4; Figure 5D), comparedthe fate of Hh-responding cells in the forelimbs of Gli2/
to wild-type littermates (Figure 5A). Significantly, in con-versus Gli3/ mutants. We first examined the strength
trast to normal embryos, the most posterior domainof Shh-positive signaling in the two Gli mutants using
(digit 5 primordium) had only a few labeled cells at E12.5Gli1-lacZ expression as a readout (insets, Figures 5A,
(arrowheads, Figure 5D). Nevertheless, the Gli1-derived5D, and 5G; Bai et al., 2004). Gli1-lacZ expression was
cells expanded anteriorly to the digit 2 primordium, asmarkedly reduced in E10.5 Gli2/ forelimb buds, espe-
in wild-type embryos (arrows, Figure 5D). Analysis atcially in the most posterior region where Gli3 is not
E16.5 showed that, in Gli2/ mutant mice (n  3), onlyexpressed (inset, Figure 5D), indicating that Gli3 can
a small number of cells in digits 3 and 4 respond tofunction as a weak activator in the limb. In Gli3/ mu-
positive Shh signaling from the ZPA and even less intants, Gli1-lacZ expression was confined to a smaller
digits 2 and 5 (Figure 5E). In the zeugopod region, theposterior domain (inset, Figure 5G), indicating that Gli2,
labeling was confined to the ulna and surrounding peri-which is more posteriorly expressed than Gli3, mediates
the remaining positive Shh signaling in Gli3/ embryos. chondrium and muscle (Figure 5F). More proximal skele-
Cell
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Figure 6. Summary Schematic Showing Fate of Cells Responding to ZPA Shh Signaling during E10–E12
Digit identity does not correlate with positive Shh signaling, as indicated in the right. Along the A-P axis, Gli3 forms an opposing gradient of
repressor (R) to Shh-positive signaling through Gli2 and Gli3 activators (A). “a” indicates a weak level of Gli activator. In wt embryos, there is
a decrease in Shh responsiveness in the posterior limb at E11; therefore, temporal integration of Shh signaling in digit 5 is slightly higher
than in digit 4. Digits 3 and 2 receive progressively less Shh-positive signaling, whereas digit 1 receives no Shh signaling. In Gli2/ embryos,
Shh-positive signaling is markedly reduced, especially in digit 5. However, digits 1–5 form correlating with a normal Gli3R gradient. In Gli3/
limbs, Shh-positive signaling is received throughout the A-P axis, although at a reduced level. Correlating with a lack of Gli3R, there are
duplications of digit 5.
tal elements in Gli2/ mutant embryos did not have any in the anterior handplate (n 3; Figure 5G). This ectopic
domain of Gli1-derived cells was not observed whenGli1-derived cells, although the muscle was marked as
in the wild-type embryos (Figure 5F and data not shown). TM was given at 5 p.m. on E9.5 (data not shown), demon-
strating that the anterior cells respond to the ectopicInterestingly, labeling was found only in the mesodermal
component of skin, the dermis, and not the ectoderm domain of Shh, which is first seen at E11.5 in Gli3/
mutants (Masuya et al., 1995). The cumulative fate mapin the posterior limb of Gli2/ mutants. These studies
using Gli2/ mutants demonstrate that, in the absence in E16.5 Gli3/; Gli1-CreERT2; R26R embryos showed a
similar level of labeling in the posterior four digits andof a graded A-P response to positive Hh signaling, the
digits can be patterned normally. We therefore tested the anterior two digits, and the overall level was lower
than in wild-type embryos (n  4; Figure 5H and datawhether a gradient of Gli3 repressor (Gli3R) is main-
tained in Gli2/ mutants by performing Western blot not shown). The intermediate two digits had only a few
labeled cells. In contrast, labeling in the zeugopod re-analysis of anterior versus posterior forelimb buds from
E11.5 embryos. The relative amount of Gli3R was re- gion was similar to wild-type embryos: the ulna and
surrounding muscles and skin but not the radius hadduced by a similar amount in posterior forelimb buds
compared to anterior in both Gli2/ mutant and wild- extensive labeling. In the stylopod region, labeled cells
were also found in the muscle and skin surroundingtype embryos (Figure 5J).
The fact that Gli3/ mutants have a polydactyly phe- the humerus but not within the bone (Figure 5I). These
results demonstrate that, while Shh-positive signalingnotype similar to Shh/; Gli3/ mutants has raised the
question of whether Gli activators play a role in digit is restricted to the posterior limb in more proximal re-
gions, it reaches most of the enlarged polydactylouspatterning. Interestingly, Gli3/ mutants appear to have
some duplicated digit 5s (see Supplemental Figure S1 autopod of Gli3/ mutants at some point between E9.5
and E12 but not in a graded manner.at http://www.cell.com/cgi/content/full/118/3/505/DC1),
which normally receive the highest levels of Hh signal-
ing. It was therefore of interest to determine the pattern Discussion
of Hh responsiveness maintained by Gli1 and Gli2 in
Gli3/ embryos. The cumulative fate map in Gli3/; Gli1- Shh Signaling from the ZPA Influences Multiple
Structures in the LimbCreERT2; R26R embryos at E12.5 showed Gli1-derived
cells in the posterior one-third of the enlarged handplate The function of graded Shh signaling from the ZPA has
been well documented in patterning the skeletal ele-and presumptive wrist with an additional ectopic domain
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ments of the limb but not in other limb tissues along the broader than the Shh expression domain (Lewis et al.,
2001). Additionally, in N-Shh mutant mice that produceA-P axis. Muscle cell precursors enter the developing
only the noncholesterol modified form of Shh, which islimb bud around E10 (Buckingham et al., 2003), when
unable to signal over a long distance, only digit 1 andShh is first expressed in the ZPA, and Shh protein forms
the more posterior digits 4 and 5 form (Lewis et al.,a posterior gradient in the mesoderm and likely also
2001). A key question is, how do cells respond to thereaches the ectoderm overlying the ZPA (Gritli-Linde et
gradient of Shh protein? Do cells move out of range ofal., 2001). Thus, Hh could influence the development of
Shh protein during development, and/or do they loseposterior muscle masses and possibly skin in the limb.
their responsiveness to Shh signaling? A recent fate-Shh has been shown to induce proliferation of myoblasts
mapping analysis of Shh-expressing cells clearly dem-in vitro from the posterior hindlimbs of much later chick
onstrates that some Shh-expressing cells do expandembryos (HH stage 20), equivalent to E14 in mouse
anterior and stop expressing Shh. The first cells to move(Bren-Mattison and Olwin, 2002). Also, ectopic expres-
anteriorly contribute to part of digit 3 and later cells tosion of Shh in the anterior mesenchyme leads to a trans-
digits 4 and 5 (Harfe et al., 2004 [this issue of Cell]). Ourformation of anterior muscles into posterior muscles in
study shows that the cells that turn off Shh expressionchick (Duprez et al., 1999). However, this could be due
stay within the range of Shh-positive signaling. By com-either to a direct effect of Shh on the muscle or to an
paring our fate map of Shh-responding cells to that ofindirect effect through alterations in bone identity. Our
Shh-expressing cells, we can conclude that cells thatanalysis of Gli1-derived cells responding to ZPA signal-
contribute to digit 2 receive Shh-positive signaling anding between E9.5 and E11.5 demonstrates that, indeed,
only through diffusion. Cells in digits 3 and 4, on themuscles and connective tissues surrounding the skele-
other hand, receive Shh by diffusion and local signaling,tal elements receive positive Shh signaling in a posteri-
whereas digit 5 receives only local signaling.orly restricted manner.
In our study, we determined whether the anterior limitMoreover, our study shows that the ectoderm of the
of limb precursors that responds to positive Shh signal-skin is also derived from Shh-responding cells in a pos-
ing is static. Surprisingly, the fate of cells at the anteriorterior-restricted manner. We further demonstrate that, in
limit of Shh-positive signaling marked from E10 to E12the ectoderm but not in the mesoderm-derived tissues,
remains constant, and these cells always become digitonly the Gli2 activator but not Gli3 is required to relay
2. Our studies, therefore, demonstrate that the expan-positive Hh signaling. In this respect, it is interesting to
sion of the Shh protein gradient does not involve signal-note that, in Shh/ mutants, the proximal bone elements
ing to new cells at later times but instead is in registerof the limb (the humerus/femur) do not protrude from
with growth of the limb. Since the activity of induciblethe body wall. It was suggested that this is due to a
Cre recombinase is less than that of constitutive Cre,reduction in the proliferation of surface ectoderm and
we only observe a small percentage of digit 2 beingunderlying superficial mesenchyme needed to achieve
labeled with a single dose of TM. However, by adminis-skin outgrowth (Kraus et al., 2001). Our study provides
tering three doses of TM, our cumulative fate mappingthe first direct evidence that ZPA-derived Shh could play
revealed many more cells marked in digit 2. Anothera critical role in patterning and/or outgrowth not only of
factor to consider is that the threshold level of Hh signal-the skeletal elements of the limb but also of the skin
ing required to turn on Gli1 transcription via Gli2/3 acti-and muscle.
vators is likely higher than the level required to inhibitStudies of Shh/ mutants demonstrated that develop-
processing of Gli3 into a repressor (Gli3R). It is thereforement of the more proximal stylopod elements do not
possible that some Gli1-negative cells in the digit 2 pri-depend on Shh signaling from the ZPA (Kraus et al.,
mordium receive the lowest level of Shh signaling, and2001; Chiang et al., 2001). Our fate-mapping studies
this is sufficient to reduce Gli3R formation but not toshow that the stylopod skeletal elements are not derived
induce Gli2/3 activators. Gli target genes like Ptc1 thatfrom cells responding to positive Shh signaling from the
can be induced by other transcription factors when theZPA. Interestingly, however, we found that Gli1-derived
Gli3R is inhibited could then be expressed. Thus, allcells marked with TM on E10.5 but not E9.5 populate
cells in digit 2 could depend on Shh and be patternedthe muscles and skin surrounding the forelimb humerus
through modulation of the level of Gli3R as well as
in a posteriorly restricted manner. This suggests that
Gli2/3 activators.
precursors for the muscles and skin that will cover the
We addressed the critical question of whether there
humerus do not move into the range of Shh signaling is a simple linear relationship between the position of
until E11. In contrast, the muscles and skin surrounding cells relative to the ZPA and their level of positive Shh
the ulna of the forelimb continuously receive positive signaling. Our studies demonstrate that although an ap-
Shh signaling between E10 and E12. Thus, the muscle proximately linear gradient of Hh-positive signaling is
and skin cells along the P-D axis of the limb respond initially established, the integrated response of cells to
to Shh in a temporally regulated manner, likely due to Shh in the limb (E10–E12) is complex due to a dynamic
morphogenetic movements. change in responsiveness of cells in the most posterior
limb mesenchyme to positive Shh signaling. If cells only
The Same Domain of Cells Responds to Shh in read their response to Shh at one early time point be-
the Limb over Time but Not in a Linear Gradient tween E9.5 and E10.5, then a linear gradient would pat-
We demonstrate that Shh-positive signaling is received tern the autopod. However, Gli1 expression and thus
as far anterior as the digit 2 primordium, which is far Shh-positive signaling is subsequently downregulated
away from the ZPA that remains as a small posterior between E10.5 and E11.5. The change in Hh respon-
domain between E9.75 and E12. This is consistent with siveness in the ZPA is similar to what is seen in the
neural tube where Gli1 expression is extinguished in thethe distribution of Shh protein in the limb, which is
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ventral midline once Shh is expressed in the floorplate have similarly enlarged handplates. This conclusion is
further supported by the presence of similar enlarged(Lee et al., 1997). This seems to be due to a downregula-
tion of Gli2 expression in both tissues. Therefore, due handplates in Gli2/; Gli3/ double mutants (Supple-
mental Figure S2), in which all the activator and repres-to the reduction in Shh responsiveness in the ZPA, the
cumulative Shh-positive response is not in linear step- sor effectors of Shh signaling are gone (Bai et al., 2004).
Our fate mapping studies in Gli mutants demonstratewise increments across the 5 digits, as proposed in the
classical view of a morphogen gradient (Figure 6). that the early graded Shh-positive signaling is not re-
quired to determine the digit code and instead point to
a model based almost entirely on the relative level ofIs the Activator Function of Shh Signaling
Gli3R. We propose that the most anterior limb domainRequired for Digit Specification?
becomes digit 1 due to a high level of Gli3R in the ab-Our fate-mapping studies show that, although there is
sence of Shh signaling from the ZPA. The most posteriornot a linear gradient of positive Shh signaling over time
domain forms digit 5 due to the absence of Gli3R andin the limb, the relative levels decrease from posterior
at least a low level of Shh-positive signaling. Since thereto anterior. Therefore, an important question raised by
is little Gli3 transcription in the digit 5 primordium, con-this and previous gain-of-function assays is whether a
tinuous high-level Shh signaling is not required to inhibitdifferential level of positive Shh signaling regulates digit
Gli3 processing into a repressor in the ZPA. In gain-of-identity. The fact that Gli2/ mutants have normal distal
function assays in the anterior limb, however, a highlimb patterning (data not shown and Mo et al. [1997]),
level of Shh would be required to inhibit Gli3R and allowdespite our finding of a nongraded response to Shh,
an ectopic digit 5 to form. Finally, the intermediate digitsespecially in digit 5, suggests otherwise. If differential
2, 3, and 4 are specified primarily by the relative levellevels of positive Shh signaling were required to pattern
of Gli3R produced as a result of graded Shh signaling butthe digits, and the highest level was required to specify
also likely by a low level of Gli activators (see Figure 6).digit 5, Gli2/ mutants should not form this digit, since
the primordia for digits 2 and 5 receive lower signaling
Experimental Proceduresthan digits 3 and 4. Therefore, digit 5 may be specified
primarily by a lack of Gli3R. This absence of Gli3R is
Generation of Gli1-CreERT2 Knockin Mice
normally accomplished at the transcriptional level (Mar- A 2.3 kb EcoRI-Hsp92I 5 Gli1 genomic fragment immediately up-
igo et al., 1996; Wang et al., 2000), although the presence stream of the ATG translation start site was subcloned into the pBKS
of a few Gli1-derived cells in digit 5 of Gli2/ mutants vector to make pKS-Gli1 5. A cDNA encoding CreERT2 (Feil et al.,
1997) was fused to a triple SV40 poly A 240 bp fragment using theshows that there is a small amount of Gli3 protein func-
SacI site in the vector. This 2.8 kb CreERT2-pA3 fragment was thentioning as an activator in the most posterior limb domain
subcloned into pKS-Gli1 5 using the SalI/KpnI sites. A 4.5 kb EcoRI(see Figure 6).
Gli1 3 genomic fragment containing exons 1–6 was subcloned into
In Gli3/ mutants, the distal limb has supernumerary pPNT-loxP-Neo-loxP using the EcoRI site to create pPNTflox-neo-
digits (Hui and Joyner, 1993; Iwasaki et al., 1997; Mo et 3. The 5.1 kb fragment of Gli1 5-CreERT2-pA3 was then subcloned
al., 1997). It has been shown that Shh signaling is not into pPNTflox-neo-3 using the SalI/NotI sites to create the final
targeting vector. The neo cassette is in the opposite transcriptionalrequired for formation of extra digits in Gli3/ mutants,
orientation to the endogenous Gli1 gene. Homologous recombina-since Gli3/; Shh/ mutants have a similar phenotype
tion in W4 ES cells was performed as described previously (Matise(Litingtung et al., 2002; te Welscher et al., 2002). Instead,
et al., 2001). Seven targeted ES clones (Gli1-CreERT2-neo) were iden-
Shh was suggested to be required for specification of tified from 121 G418 and gancyclovir resistant clones by Southern
particular digit identities. However, if simply the absence blot analysis using both 5 and 3 external probes on XhoI- and
of Gli3R and not the level of Shh-positive signaling is XbaI-digested genomic DNA, respectively. Three ES cell clones
were injected into C57BL/6 blastocysts to generate ES cell chimerasrequired for formation of digit 5, then Gli3/ mutants
(Matise et al., 2001), and successful germ line transmission wasshould have multiple digit 5s. Our analysis of E18.5
accomplished from all three independent ES cell clones. The neoGli3/ mutant limb skeletons shows that this is not the
cassette was removed by crossing Gli1-CreERT2-neo heterozygotes
case (see Supplemental Figure S1 at Cell web site). Only with TK-Cre Black Swiss mice as described (Bai et al., 2002). Routine
the most anterior and possibly the most posterior 2–3 genotyping was performed using PCR for Cre as described (Kimmel
digits have a phalange phenotype similar to a normal et al., 2000). The Rosa-loxP-stop-lacZ reporter mice (R26R) were
generously provided by P. Soriano and genotyped as describeddigit 5. Since the primordia for these three digits and
(Soriano, 1999). Gli1-lacZ, Gli2zfd, Gli3xt, and Shh mutant mice werenot the middle digits receive Hh-positive signaling in
maintained and genotyped as previously described (Bai et al., 2002;Gli3/ mutants, it is possible that a low level of positive
Chiang et al., 1996; Hui and Joyner, 1993; Mo et al., 1997).
Hh signaling in the absence of Gli3R is required for digit
5. In addition, Gli3 heterozygous mutants have defects
Fate Mapping
in the most anterior digits of the forelimb, while the TM (Sigma T-5648) was dissolved in corn oil (Sigma C-8267) at a
posterior digits 3–5 are normal, suggesting that a high final concentration of 20 mg/ml. Gli1-CreERT2/; R26R/R26R males
level of Gli3R in the anterior domain is required to specify were crossed with Swiss Webster females to produce embryos
(50%) carrying both the Gli1-CreERT2 and R26R alleles. The noondigit 1. Consistent with Gli3R being the primary effector
of the day of a vaginal plug was designated as E0.5. Time-matedof Shh signaling in the limb, the Gli3R gradient is main-
Swiss Webster females (32–36 g) were force fed 3–4 mg of TM usingtained in Gli2/ mutant limbs (Figure 5J).
a gavage needle (FST) at 5 p.m. of E8.5–E11.5 unless indicated oth-
The Gli3R also plays a critical role in regulating the erwise.
size of the handplate, since Gli3/ mutant limbs have
an enlarged handplate by E12. However, the activator -Galactosidase Staining
function of Shh signaling cannot be required for regula- Whole embryos (up to E12.5) or limbs (E16.5) were dissected in PBS
and fixed in 0.2% glutaraldehyde/wash buffer (0.05% deoxycholate,tion of handplate size, as Shh/; Gli3/ mutant limbs
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1 mM MgCl2, 0.02% NP40 in PBS [pH 7.4]) for 1 hr on ice. Whole McMahon, J.A., and McMahon, A.P. (1993). Sonic hedgehog, a
member of a family of putative signaling molecules, is implicatedembryos or frozen sections were stained with X-Gal as described
on the Joyner lab web site (http://saturn.med.nyu.edu/research/ in the regulation of CNS polarity. Cell 75, 1417–1430.
dg/joynerlab). Feil, R., Wagner, J., Metzger, D., and Chambon, P. (1997). Regulation
of Cre recombinase activity by mutated estrogen receptor ligand-
RNA In Situ Hybridization and Western Blot Analysis binding domains. Biochem. Biophys. Res. Commun. 237, 752–757.
Gli1 and Shh probes were as described previously (Platt et al., 1997).
Grindley, J.C., Bellusci, S., Perkins, D., and Hogan, B.L. (1997). Evi-
Whole-mount in situ hybridization was performed with InsituPro
dence for the involvement of the Gli gene family in embryonic mouse
(AbiMED) according to the manufacturer’s guide. Section in situ
lung development. Dev. Biol. 188, 337–348.
hybridization and Western blot analysis with Gli3 antibody were
Gritli-Linde, A., Lewis, P., McMahon, A.P., and Linde, A. (2001). Theperformed as described on the Joyner lab web site.
whereabouts of a morphogen: direct evidence for short- and graded
long-range activity of hedgehog signaling peptides. Dev. Biol.Acknowledgments
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